The annual killifish Austrofundulus limnaeus inhabits ephemeral ponds in regions of northern South America, where they survive the periodic drying of their habitat as diapausing embryos. These diapausing embryos are highly resistant to a number of environmental insults such as high temperature, dehydration, anoxia, and increased salinity. Molecular chaperones are known to play a role in stabilizing protein structure and function during events of cellular stress. Relative levels of heat shock protein (Hsp)70 were measured in developing and diapausing embryos of A. limnaeus using quantitative Western blots. An inducible or embryo-specific form of Hsp70 is expressed during embryonic development in A. limnaeus and is elevated during diapause II in this species. Constitutive expression of Hsp70 during development may afford these embryos protection from environmental stresses during development more quickly than relying on the induction of a classic heat shock response.
INTRODUCTION
A variety of organisms can enter diapause, a state of developmental and metabolic dormancy, to avoid unfavorable environmental conditions. Embryonic diapause is a state of developmental arrest that precedes the onset of unfavorable conditions and typically occurs as part of the organism's natural developmental program (Hand 1991) . Thus embryos enter diapause even under conditions that are favorable for development. Diapause, like other forms of metabolic dormancy such as hibernation and estivation, often is associated with an increase in resistance to environmental stress. The mechanisms that support increased and sometimes excessive resistance to environmental stress remain elusive (for a review see Jö nsson 2003) .
The annual killifish Austrofundulus limnaeus survives in ephemeral ponds by producing drought-tolerant diapausing embryos (Podrabsky et al 2001) . The tolerance of these embryos to environmental perturbations such as anoxia, dehydration, and elevated salinity is orders of magnitude higher than other life history stages of A. limnaeus (Podrabsky et al 2001; Miller and Podrabsky, personal communication; Podrabsky et al 2007) . Paradoxically, diapausing embryos of A. limnaeus have a severely depressed rate of protein synthesis (Podrabsky and Hand 1999) , and thus are likely limited in their ability to respond to environmental stress through de novo gene expression. Thus, it is likely that embryos of A. limnaeus prepare for environmental stress that they will experience during diapause as part of their natural developmental program.
It appears that there is a suite of molecular changes that can protect an individual or tissue from environmentally induced stresses. This has been illustrated through a variety of studies, some utilizing genomic and proteomic methodologies, in species ranging from yeast to fish (Gasch 2002; Gasch and Werner-Washburne 2002; Kü ltz 2003 Kü ltz , 2005 Gracey et al 2004; Buckley et al 2006) . The environmental stress response has been character- Neither total DNA nor protein content changes after 16 dpf. The protein: DNA ratio (C) is highest during early development. Symbols that share a bar on the same level are not statistically different (Student-NeumanKeul (SNK), P Ͼ 0.05). Symbols represent means Ϯ standard error of mean, n ϭ 3. Letters at the top of panel A refer to major developmental landmarks: E, completion of epiboly; R, reaggregation of blastomeres; A, formation of the embryonic axis; 3S, 3-somite embryo; H, beginning of embryonic heart beat; 16S, 16-somite embryo; 28S, 28-somite embryo; ED, early diapause II; SD, steady-state diapause II. Adult fish and embryos were cared for using established laboratory protocols (Podrabsky 1999) . Embryos were washed in several washes of N-2-hydroxyethylpiperazine-NЈ-2-ethane-sulfonic acid (HEPES) buffered Yamamoto's solution (128 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl 2 , 20 mM HE-PES, pH ϭ 7.2) and then placed in a Petri dish and separated from the yolk with a pair of fine forceps. The isolated embryonic tissues then were transferred and washed twice with gentle agitation in buffered Yamamoto's solution as above. The washed isolated embryo tissues then were placed directly into 100 L of lysis buffer (2% sodium dodecylsulfate, 1 mM ethylenediamine-tetraacetic acid [EDTA], 0.25 mg/mL Pefabloc, 10 g/mL Pepstatin, and 10 g/mL leupeptin, 32 mM Tris-HCl, pH ϭ 6.8) in a 1.5-mL microcentrifuge tube. The samples were frozen at Ϫ80ЊC to aid in cellular disruption and then incubated in a heat block at 100ЊC for 2.5 min, briefly homogenized in the microcentrifuge tube with a Teflon pellet pestle, and returned to the heat block for 5 min. The sample then was subjected to 14 000 ϫ g for 15 min to pellet the insoluble fraction and the supernatant retained and stored at Ϫ20ЊC. The whole process from puncturing the embryo to immersion in the lysis buffer took no longer than 1 min for each embryo. Total protein content ← was determined for each sample using the MicroBCAி method according to the manufacturer's instructions (Pierce). Total DNA content was determined using a fluorescence assay employing Hoechst dye as outlined in Teare et al (1997) .
ized by gene expression analysis in yeast (Gasch 2002) and Kü ltz (2003) has identified a ''minimal stress proteome'' that appears to be conserved in nearly all forms of life. Molecular chaperones are known to be important in mediating the damaging effects of environmental challenges to proteins and other macromolecules in all domains of life and are almost invariably observed as part of the stress response (Feder and Hofmann 1999) . Synthesis of stress-induced molecular chaperones, heat shock proteins (Hsps), is known to afford individuals resistance to subsequent stressful events of either the same insult (induced tolerance) or to different insults, a process termed crosstolerance.
In this paper we investigate the expression of 70 kDa class heat shock proteins during active development and diapause in embryos of A. limnaeus. An Hsp70 isoform is expressed constitutively during early development and diapause in A. limnaeus at levels consistent with heat shocked adults of A. limnaeus and other species of fish. This isoform of Hsp70 appears to be heat inducible in adult liver and in developing embryos. The production of this protein under nonstressful conditions may be indicative of a preparation for environmental stresses to be encountered during diapause, when the ability to produce heat shock proteins may be severely limited.
RESULTS AND DISCUSSION

Isolation and characterization of embryos
This is the first report of total protein and DNA content in yolk-free embryos of A. limnaeus. Separation of the embryonic cells and tissues from the yolk mass yields total protein and DNA contents that are highly reproducible. Total DNA content (Fig 1A) of the embryonic tissues increases from 33.7 Ϯ 1.8 to 122 Ϯ 2.7 ng/embryo (mean Ϯ standard error of mean [SEM] ) from 4 to 16 days postfertilization ([dpf]; Analysis of Variance (ANOVA), P K 0.0001). After 16 dpf, total DNA content does not change significantly through 72 dpf, which indicates that cell proliferation ceases 8 d prior to entry into diapause II when morphological development is arrested. This pattern is consistent with previous observations of metabolism in A. limnaeus embryos and suggests that the changes in embryo morphology that are observed between 16 and 24 dpf are likely due to cell rearrangement and not the production of new cells. In 4 dpf embryos, about 21% of the total embryo (yolk ϩ embryonic tissues) DNA (160 Ϯ 10 were exposed to a 35ЊC heat shock for 1 h in a 20-mL glass vial containing 15 mL of fully oxygenated embryo medium. The suspensions were gently mixed every 10-15 min to ensure that the embryos were exposed to aerobic conditions. Embryos were allowed to recover from the heat shock for 1 h at 25ЊC prior to the isolation of the embryonic tissues. Control embryos were kept at 25ЊC, but otherwise treated exactly as the embryos subjected to heat shock. Western blots were performed using standard protocols (Tomanek and Somero 2002; Buckley and Hofmann 2004) . Extracted proteins were electrophoretically separated and transferred to a nitrocellulose membrane. Membranes were blocked in Tris-buffered saline ([TBS], 137 mM NaCl, 10 mM Tris-HCl, pH ϭ 7.4) containing 5% Carnation nonfat dried milk (Nestle) for 1 h with gentle agitation. The membranes were then washed once in TBST (TBS with 0.1% Tween 20 w/v) for 5 min, and twice in TBS for 5 min each. This washing procedure was used after each antibody incubation. The membranes were incubated in primary antibody for 1 h (MA3-001, Affinity Bioreagents, 1:1000 dilution), secondary bridging antibody (AI-4000, Vector Laboratories, 1:5000 dilution) for ← 30 min, and protein A:HRP (1:5000 dilution, BioRad) for 30 min. Immunoprobes were detected by exposing ECLி hyperfilm to membranes soaked in ECLி reagent (Amersham) according to the manufacturer's instructions. Relative amounts of Hsp70 protein were estimated using densitometry on digital images of the films. Each blot contained 1 lane loaded with 100 ng of purified bovine Hsc70 (SPP750, Stressgen) for standardization between gels. Protein amounts are reported relative to the 100 ng standard on each gel. ng/embryo) reported by Podrabsky and Hand (1999) is found in the embryonic cells. For embryos 12 dpf through diapause II, about 32% of the total embryo DNA (281 Ϯ 10 ng/embryo) is found in the embryonic cells. It is well documented for several species of aquatic vertebrates that a large amount of DNA can be found in the yolk and is likely of mitochondrial origin (Dawid 1965 (Dawid , 1966 Shmerling 1965; Baltus et al 1968) .
Total protein (Fig 1B) increases during early development from 1.7 Ϯ 0.2 to 5.5 Ϯ 0.2 g/embryo from 4 to 16 dpf (ANOVA, P ϭ 0.0002). Thus, embryonic tissues account for only about 1% at 4 dpf and 6% at 20 dpf of the total protein reported by Podrabsky and Hand (1999) . Between 16 and 72 dpf there is a slight decrease in protein content (mean decrease of 1.6 g/embryo). Even though this decrease is not statistically significant, it may be functionally important because recent evidence (Podrabsky et al, personal communication) suggests that the free amino acid content of whole embryos increases during diapause, and these amino acids may arise from protein degradation.
The protein to DNA ratio ( Fig 1C) peaks at 8 dpf and then declines steadily as embryos develop towards and enter diapause II (ANOVA, P ϭ 0.005). Embryos at 8 dpf are characterized by extensive cell migrations associated with dispersion and reaggregation of the embryonic blastomeres (Wourms 1972) . This increased level of cellular protein compared to DNA content partly contributes to the apparently lower levels of Hsp70 protein in these cells when expressed per unit protein (see Levels of Hsp70 section). The underlying causes for this pattern are unknown.
Levels of Hsp70
The antibody used in this study crossreacts with a constitutively expressed Hsp (bovine Hsc70, the normalization standard) and an inducible Hsp70 in the liver tissue of adult and juvenile A. limnaeus, as well as in embryos of A. limnaeus (Fig 2A,B) . However, this antibody does not crossreact with heat shock cognate (Hsc) 70 in either the white muscle or liver of adult or juvenile A. limnaeus.
A 70 kDa-class heat shock protein is expressed during early development through diapause II in embryos of A. limnaeus (Fig 3) and throughout embryonic development Figure 1 . Embryos were incubated in embryo medium containing 10 mg/L gentamycin sulfate at 25ЊC in the dark (Podrabsky 1999) . These conditions are considered nonstressful and have been illustrated previously to promote entry of embryos into diapause (Podrabsky and Hand 1999). in this species (Fig 2B) . The exact identity of this isoform remains uncertain, but it either represents an Hsc70 that is highly expressed during development but not in adults, or an inducible Hsp70 that is expressed constitutively during development. The levels of Hsp70/g protein expressed in early embryos of A. limnaeus are similar to the amount of Hsp70 observed in heat shocked tissues of the goby Gillichthys mirabilis quantified using the same methods employed in this study (B. Buckley, personal communication) . When normalized on a per embryo basis, relative levels of this Hsp70 increase during early development, with the diapause II embryos containing the highest amounts (Fig 3A) . However, if the Hsp70 content is expressed relative to total protein (Fig 3B) or total DNA content (Fig 3C) , a much more complicated pattern is observed, with high amounts of Hsp70 early in development (4 dpf) and decreasing levels during subsequent development. Due to the role of Hsp70 as a molecular chaperone, the most relevant way to express the abundance and potential activity of this protein is likely as a function of the total cellular protein. When expressed in this manner, 4 dpf embryos and diapause II embryos have the highest amount of Hsp70, which likely translates to the highest amount of protection from environmental insults. The high relative expression of Hsp70 in 4 dpf embryos perhaps is counterintuitive when the biology of these embryos is considered. Early embryos tend to be more sensitive to environmental stresses such as desiccation (Podrabsky et al 2001) , anoxia (Podrabsky et al 2007) , and salinity (Miller and Podrabsky, personal communication) than are diapausing embryos. Perhaps the physiology of these embryos is more sensitive to perturbation, and thus higher levels of Hsps are required to protect the embryos.
Diapausing embryos of A. limnaeus are known to have severely reduced levels of protein synthesis (Podrabsky and Hand 2000) , and perhaps the elevated expression of Hsp70 during early development and diapause is present to protect the embryos during dormancy when their ability to respond to environmental stress via de novo protein synthesis presumably would be severely limited. Data presented in Figure 2 support the lack of a major induction of Hsp70 in heat shocked diapause II embryos, and there is clearly an induction of heat shock proteins in the actively developing embryos. Elevated levels of Hsp70 have been associated with survival of dehydration stress in tardigrades (Schill et al 2004) and with survival of anoxia in the brain of freshwater turtles (Lutz and Milton 2004) . Both dehydration stress and anoxia typically are experienced by embryos of A. limnaeus in their natural environment, and thus it is logical to hypothesize that elevated levels of Hsp70 may help to mediate protein damage caused by these stresses during early development and diapause.
Only a handful of studies have examined the expression of 70 kDa heat shock proteins during teleost fish development, and it appears that inducible Hsp70 is not typically expressed during nonstressful conditions in teleost embryos (Heikkila et al 1986; Krone et al 1997; Lele et al 1997) . One exception is the synthesis of Hsp70 in the developing eye of the zebrafish, Brachydanio rerio, which is known to be essential for normal eye development (Evans et al 2005) . Expression of an inducible form of Hsp70 during the early development of A. limnaeus may be associated with the unique ability of these embryos to enter metabolic dormancy during diapause, a state that affords them a high tolerance to a number of environmental insults. This conclusion is supported by reports of elevated expression of Hsp70 during diapause in insects (Rinehart et al 2000; Teixeira and Polavarapu 2005) .
Overexpression of Hsp70 in Drosophila has been shown to have negative effects on cellular and organismal growth and development (Feder et al 1992; Krebs and Feder 1997) . If there are negative effects on developmental rate due to the elevated levels of Hsp70 during normal development in embryos of A. limnaeus, then this may help to explain why this species develops much more slowly than other Cyprinodont fish with similar sized eggs such as Fundulus heteroclitus. This species hatches after only 10-14 days when incubated at 20ЊC (DiMichelle and Taylor 1980), a time at which embryos of A. limnaeus are just starting to form an embryonic axis when incubated at 25ЊC (Podrabsky and Hand 1999) . Rinehart et al (2000) discuss the implications of elevated Hsp70 during insect diapause and conclude that overexpression may have few deleterious effects in this situation due to the reduced cell division and growth associated with diapause. However, in their experimental system, Hsp70 expression is associated with entry into diapause, and not with active prediapause development, as is the case for A. limnaeus. Perhaps reduced rates of early development in A. limnaeus are a trade-off required to support increased ability to respond quickly, without a classic heat shock response, to environmental insults in their harsh and sometimes unpredictable environment.
